Background and objective: Endoscopic mucosal dissection (ESD) is a treatment option for oesophagus tumours localized to the mucosa enabling en bloc removal of large lesions. The resulting larger mucosal defects have resulted in an increase in the occurrence of post-treatment strictures. Transplantation of autologous cell sheets, cultured from oral mucosa, has been shown to prevent post-ESD strictures. The aim of the study was to assess the efficacy and safety of cell sheet transplantation after oesophageal ESD in a Western patient population where reflux-associated pre-malignant and malignant conditions predominate. Methods: Patients with Barrett's oesophagus associated high-grade dysplasia or early adenocarcinoma where ESD entailed a resection >3 cm in length and !75% of the circumference were eligible for treatment under hospital exemption. Cell sheets were cultured from buccal mucosa according to Good Manufacturing Practice and were endoscopically applied to the post-ESD defect directly after resection. Patients were followed with weekly endoscopy examinations, including confocal laser microscopy, for a total of four weeks. Results: Five patients were treated. ESD was extensive with resections being circumferential in three patients and 9-10 cm in length in two. The number of transplanted cell sheets ranged from two to six. Three patients developed strictures requiring two to five dilatation sessions.
Introduction
The incidence of oesophageal cancer, specifically adenocarcinoma, is increasing in the Western world and has been linked to overweight and gastrooesophageal reflux disease (GERD). 1 Despite development in surgical technique, post-operative care and neo-adjuvant therapy, oesophageal cancer has an overall five-year survival rate of about 20%. [2] [3] [4] However, when diagnosed at a precancerous or early tumour stage survival rates approach 95-100%. 5 Improved staging, better understanding of metastatic patterns and advances in endoscopic techniques and technology have opened the prospect of endoscopic treatment of preneoplastic lesions and early oesophageal cancer. 6 Endoscopic resection is an option for tumours localized to the mucosa (T1a) where the risk of lymph node metastases is around 1-3%. In contrast, tumours infiltrating the submucosa (T1b) have a risk of lymph node metastases around 20%, precluding endoscopic resection. 7 As opposed to endoscopic mucosal resection (EMR), where piecemeal resections are required to remove larger lesions, endoscopic mucosal dissection (ESD) enables removal of lesions en bloc, irrespective of size. More extensive resections have resulted in an increase in the occurrence of post-endoscopic resection strictures, representing a major source of post-treatment morbidity. [8] [9] [10] [11] [12] [13] [14] Transplantation of autologous cell sheets cultured from oral mucosa epithelial cells has been shown to prevent strictures after endoscopic resection. 15 In this paper we report data on efficacy and safety of cell sheet transplantation after ESD in a Western patient population with refluxassociated pre-malignant and malignant conditions.
Materials and methods Patients
In Stockholm county, Sweden, all patients with malignant or pre-malignant oesophageal lesions are discussed at an inter-hospital multidisciplinary team (MDT) conference for assessment and treatment planning. Patients with Barrett's oesophagus associated high-grade dysplasia (HGD) or early oesophageal cancer where ESD entailed a resection >3 cm in length and !75% of the circumference of the oesophagus were eligible for inclusion in the study. Inclusion and exclusion criteria are shown in Table 1 . Patients were treated under hospital exemption. The efficacy and safety of the treatment are reported. Written informed consent was obtained from all participating patients and the treatment was approved by the local ethics committee. The treatment was conducted in accordance with Good Clinical Practice guidelines and the Declaration of Helsinki. Manufacturing of the cell sheets was done according to Good Manufacturing Practice (GMP) and was certified by the Swedish Medical Product Agency.
Cell harvesting
At inclusion a clinical history was taken, physical examination was performed, blood for analysis was collected and a quality of life (QOL) assessment (EORTC QLQ -OES18) was completed. The oral cavity was sterilized by rinsing with a 0.5% iodine solution followed by swabbing the area of the incision with a 1% solution.
Using an ellipse-shaped template covering a surface of 1.75 cm 2 the incision line was marked on the buccal mucosa. A full-thickness mucosal specimen was harvested under local anaesthesia (Xylocain Õ 10 mg/ ml þ adrenalin 5 mg/ml), and the wound closed with interrupted 4.0 Vicryl Õ sutures.
Preparation of oral mucosal epithelial cells
The biopsy was placed in transport medium (Dulbecco's modified Eagle's medium high glucose (DMEM; Sigma-Aldrich, St Louis, USA) supplemented with 4.4 mM L-glutamine (Sigma-Aldrich, St Louis, USA), 0.14 mg/ml Fungizone (Bristol-Myers Squibb, Solna, Sweden), 1 mg/ml clindamycin (Stragen, Hillero¨d, Denmark) and 40 mg/ml Gensumycin (Sanofi, Stockholm, Sweden) for transfer to the GMP-facility. The biopsy was disinfected twice using a 1% povidone iodine solution (Pharmaxim, Markaryd, Sweden) and rinsed with transport medium. The biopsy was cut into approximately 3 mm 3 pieces and rinsed three times with transport medium before incubation in 
Manufacturing of oral mucosal epithelial cell sheets
The human oral epithelial cells in KCM supplemented with 5% autologous serum were seeded on temperature-sensitive culture inserts (CellSeed, Tokyo, Japan) at a density of 2-5 Â 10 5 cells/insert. Cells were cultured for two weeks at 37 C and 5% CO 2 . The culture medium was changed at days 5, 8, 10, 12, 13, 14, 15 and 16. Harvesting of the cell sheets was performed at day 16 (for two patients the culturing continued until day 20). Harvesting was performed in theatre by bringing the cell sheets to room temperature for 30 min using a surgical forceps. A support membrane of polyvinylidene difluoride was placed on the detached cell sheet before lifting it for transplantation.
Quality control of cell sheets
The product specifications for the cell sheets are summarized in Table 2 . Cells were inspected visually under a phase-contrast microscope at each medium change. The discarded culture medium was analysed for endotoxin at days 8 and 13. At day 13 a microbiological control was performed. At day 15 the discarded medium was sent for mycoplasma testing using a qPCR-method according to Ph.Eur 2.6.7. One cell sheet was harvested in the clean room the day before harvest to evaluate detachment from the culture insert. This cell sheet was then treated with 0.25% trypsin-EDTA solution (Invitrogen, St. Louis, MO, USA) for 20 min at 37 C. Cells were pipetted up and down several times to disperse them into a single cell suspension. The cell suspension was filtered through a cell strainer (40 mm, BD Falcon, Franklin Lakes, NJ, USA) to remove aggregates and cells counted before flow cytometry analysis. Cells were fixed and permeabilized with a BD Cytofix/Cytoperm kit (BD Biosciences, Franklin Lakes, NJ, USA). Cells were stained with a FITCconjugated anti-pan-cytokeratin antibody (Progen Biotechnik GmbH, Heidelberg, Germany) for 1 h at room temperature. A FITC-conjugated mouse-IgG 2a isotype (Santa Cruz, Heidelberg, Germany) was used as control. Before analysis, treated cells were washed with BD Perm/Wash buffer (BD Biosciences, Franklin Lakes, NJ, USA). Flow cytometry was performed with CyFlow ML (Partec, Go¨rlitz, Germany). Before harvesting the cell sheets on day 16, quality control testing was performed on the discarded medium. Endotoxin and sterility were analysed according to Ph.Eur 2.6.14 and 2.6.1 respectively. These results were available post-release.
In vitro analysis
A series of in vitro analyses were performed on excess cell sheets in order to understand the composition and status of the transplanted sheets. Histology and transmission electron microscopy (TEM) revealed the histological architecture and cell organization.
Immunohistochemistry was performed to find key proteins within the sheets including extracellular matrix proteins, markers for cell-to-cell contact, pluripotency and cell proliferation. We further evaluated the health of the sheets by functional analyses. In contrast to Viability assessment and cell activity assay. To assess the viability of cell sheets pre-transplantation, two sheets were handled in the same manner as transplanted sheets. Sheets were taken to the operating room, left on a heat plate for 2 h and then detached by temperature reduction. After an additional 2 h at room temperature, they were taken back to the laboratory for viability evaluation. Cell sheets were cut in half and the viability of two halves was assessed by determining plasma membrane integrity and esterase activity using a commercially available kit (Live/Dead L-3224, Life Technologies, Carlsbad, CA, USA). Briefly, reagents were mixed, diluted in PBS (Gibco, Carlsbad, CA, USA) and incubated for 30 min in room temperature. Images were then acquired by inverted fluorescent microscope (IX71, Olympus, Japan). Two cell sheet halves were put in wells of For transplantation an overtube (Create Medic, Yokohama, Japan) was placed with the distal end positioned at the proximal border of the post-ESD defect. The support membrane with the attached cell sheet was grasped by an endoscopy forceps (Radial Jaw 4 Jumbo Forceps, Boston Scientific, Watertown, MA, USA) passed through the gastroscope and transported under vision to the transplantation site. Application was achieved by carefully pressing the membraneborne cell sheet onto the submucosal bed. Slight pressure with the forceps on the support membrane was maintained for 5-10 min after which the membrane was left in situ. The procedure was repeated for each transplanted cell sheet.
Post-operative care
Before commencing ESD, patients received a bolus of esomeprazole 80 mg intravenous (IV) and thereafter a continuous infusion of 8 mg/h for 48 h. This was followed by esomeprazole 40 mg orally, twice daily for one month, after which proton pump inhibitor (PPI) treatment was continued as indicated for the underlying pathology. Post-intervention patients were kept fasting for two days, then started to drink water and followed a liquid diet until day 7. Patients were discharged when symptom-free and tolerating the fluid diet.
Post-intervention follow-up
Post-treatment EGD was performed weekly for four weeks. Healing of the mucosal defect was assessed and any stricture formation was documented. In patients that developed significant strictures, defined as inability to pass the treated area with a 9.2 mm gastroscope, dilatation was performed using threestage single-use dilatation balloons (M00558410, M00558420, M00558430, M00558440, Boston Scientific, Watertown, MA, USA).
At gastroscopy probe-based confocal laser endomicroscopy (p-CLE) of the transplanted cell sheets and post-ESD defect was performed using a confocal mini-probe (GastroFlex UHD, Cellvizio; Mauna Kea Technologies, Paris, France) (magnification Â 1000; field of view 240 mm; lateral resolution 1 mm; imaging depth 60 mm below tissue surface). Images were recorded with a frame rate of 12 per second. After IV administration of 2.5 ml 10% fluorescein, images were captured from transplanted surfaces and normal squamous epithelium proximal to the transplant area. Images were reviewed with a specially designed software package (Cellvizio Viewer), allowing image correction and stabilization. Special attention was paid to changes in the cell sheet morphology, specifically looking for signs of necrosis. Furthermore, the post-ESD surfaces were assessed for the presence of intrapapillary capillary loops (IPCLs) characterizing normal oesophageal epithelium. Quality of the images was rated as good, moderate or poor.
The QOL questionnaire (EORTC QLQ -OES18) was completed at the week 1 and week 4 EGD visits. 
Statistical analysis
For analyses of the treatments and results only descriptive statistics were used. The author and co-authors had access to data and had reviewed and approved the final manuscript.
Results
Between December 2012 and June 2014 five patients were treated. Demographic characteristics and clinical parameters are summarized in Table 3 . The procedural aspects of the ESD procedures and cell sheet transplants are summarized in Table 4 . ESD was circumferential in the majority of patients and 9-10 cm in length in two patients. Between two and six cell sheets were transplanted. Endoscopic images of the ESD and cell sheet transplantation of patient 3 are shown in Figure 1 . No intra-procedural complications or early post-procedural complications occurred. Histology of the resected specimens showed carcinoma in three patients and HGD in two (Table 4 ).
Between three and 12 cell sheets were produced per patient and all fulfilled the product specifications and were sterile. The average cell number was 1.67 AE 0.54 Â 10 6 cells/cm 2 biopsy. The harvested cell sheets consisted of cytokeratin-positive cells with average purity 94.55 AE 4.45%. We observed a non-disrupted cell sheet with 4-5 cell layers (Figure 2(a) ) and found qPCR upregulation of genes for epithelial marker keratin 18 and pluripotency markers Oct-4, Sox-2 but no expression for NANOG (Figure 2(b) ). A uniform deposition of collagen I, collagen IV and elastin was demonstrated (Figure 2 (c) to (e)), while laminin was more localized to the basal parts of the sheets (Figure 2(f) ), consistent with a normal epithelium. The gap junction protein connexin 43 was also localized to the basal part of the cell sheet (Figure 2(g) ). Cells stained positive for pluripotency markers SSEA4, C-kit, Oct-4 and Sox-2 (Figure 2 (h) to (k)). No expression of NANOG was found. After the non-enzymatic harvesting, cells were found to be highly viable, with only a few dead cells (Figure 3(a) ). Cells were also metabolically active based on MTT assay (Figure 3(b) ). Ki-67 staining indicated that 12 AE 7% of the cells were proliferating with proliferating cells mostly localized to a basal part of the sheet as in normal epithelium (Figure 3(c) ). TEM revealed a multi-layered cell configuration with several desmosomes (Figure 3(d) and (e)). The majority of the cells looked healthy (Figure 3(f) ).
A total of 15 p-CLE examinations were performed ( Table 5 ). Normal squamous epithelium with IPCL is shown in Figure 4 The results of endoscopic follow-up are shown in Table 6 . The median time for endoscopically assessed complete re-epithelialization was three weeks. Three patients developed strictures requiring two, four and five dilatations respectively.
The results of the EORTC QLQ -OES18 questionnaire are shown in Figure 5 . The difficulty in swallowing solid food and soft food reported at one week is 
Discussion
Stricture formation after ESD varies between 5% and 18%. 12, 13, 16, 17 It is related to the extent of the ESD, both in terms of length and of circumference. 9, 11 Ono et al. reported strictures in 90% of patients where ESD was performed for lesions of greater than threequarters of the oesophageal circumference. 16 A mucosal defect >30 mm in length has been reported as a risk factor for stricture development. 8, 16 The first-line treatment of post-ESD strictures is endoscopic balloon dilatation, often requiring multiple sessions. In a series of patients with circumferential oesophageal ESD Sato et al. reported a mean number of 13.8 and 33.5 dilatations in subjects with and without administration of post-dilatation steroids respectively. 18 Isomoto et al. reported up to 48 dilatation sessions in patients undergoing twice weekly pre-emptive dilatations for eight weeks. 10 Apart from the patient discomfort associated with multiple dilatations, there is a significant risk for perforation. Takahashi et al. reported perforation in 7/78 patients (9%) in patients undergoing dilatation for post-endoscopic resection strictures. 19 A number of methods have been suggested for preventing stricture formation after endoscopic resection, including local and systemic post-treatment steroid administration, serial pre-emptive dilatations and prophylactic stent placement. 8, [20] [21] [22] Lately a number of tissue-engineered approaches to reducing the incidence of post-ESD strictures have been reported. 23 Badylak et al. described placement of a biologic scaffold consisting of porcine extracellular matrix (ECM) to the wound bed after EMR. 24 Although all five patients in their series developed strictures, they were treated easily. The technique for transplantable human oral mucosal epithelial cell sheet manufacturing and transplantation has previously been described. 25, 26 Ohki et al. reported nine cases of transplantation after ESD for squamous carcinoma. 15 In four patients the post-ESD mucosal defect involved more than three-quarters of the oesophageal circumference and maximum specimen size was 11-70 mm. Complete re-epithelialization was observed at a median of 3.5 weeks. One patient developed a stricture after an almost complete circumferential resection extending to the gastro-oesophageal junction, requiring 21 dilatation sessions.
There are some important differences between patients in this report and the cohort reported by Okhi et al. All patients in our series had Barrett'sassociated lesions. Whereas the majority of lesions were situated in the upper or middle oesophagus in the Japanese study, lesions in the current study were located in the lower oesophagus in all patients and extended up to the middle oesophagus in two. Subsequent resection involved the gastro-oesophageal junction in all five patients and resections were more extensive with three having had circumferential mucosal defects and four with defects 5-10 cm in length.
The short time between intervention and healing of the defect reported by Okhi et al. was reproduced in our cohort with re-epithelialization complete at 2-3 weeks in all patients, compared with a mean of 3.5 weeks in the Japanese study. The enhanced healing may be due to a higher dosage of oral PPI used over a longer period after the initial IV administration (esomeprazole 80 mg daily for one month post-intervention versus rabeprazole 10 mg daily until epithelialization was completed). Three patients in our series developed post-ESD strictures. A possible explanation for the higher stricture rate in the presented cohort, compared with the Japanese study, could be the presence of GERD. Even though the acidity of the reflux content was reduced by administration of high-dose PPI, reflux of stomach contents, containing volatile molecules such as bile, continued unabated. 27 All patients with strictures were successfully treated by dilatations. The number of dilatations needed to obtain a lasting result (two, four and five respectively) was considerably lower than would have been expected, given results reported in the literature, suggesting that strictures forming after cell sheet transplantation are less refractory to dilatation. 8, 10, 18 In conclusion, in this second prospective report using autologous cell sheet transplantation after oesophageal ESD earlier results have been confirmed and the method shows to be safe and feasible in a Western reflux-prone population. Cell sheet production has been transferred successfully, establishing routines for manufacturing following GMP guidelines. Results suggest that cell sheet transplants decrease the risk for post-ESD stricture formation and that strictures that develop are less refractory to endoscopic balloon dilatation. These findings need to be tested in a controlled randomized trial.
